Objectives: To quantify islet cell nucleomegaly in controls and tissues obtained from patients with congenital hyperinsulinism in infancy (CHI) and to examine the association of nucleomegaly with proliferation.
15% of patients undergoing pancreatectomy: atypical CHI (CHI-A).
Patients with CHI-A normally seek treatment later in the childhood period, have no known genetic cause of disease, and exhibit none of the histopathologic hallmarks of CHI-D or CHI-F. 18 In CHI treatment centers with access to genotype screening facilities, genetic diagnosis of CHI can be helpful in distinguishing CHI-F from CHI-D prior to surgery because CHI-F is associated with a paternally inherited ABCC8/KCNJ11 defect. 7 Current techniques of imaging, including positron emission tomography-computed tomography (PET-CT) using 6-L- 18 F-fluorodihydroxyphenylalanine ( 18 F-DOPA), can also be used to differentiate between CHI-F and CHI-D, 19, 20 but these are not widely available.
For CHI-A, although measurements of serum incretin peptides may be of value, 21 there is currently no preoperative investigation for the detection of this form of disease.
Intraoperative and postoperative diagnosis of CHI-F is based on the appearance of adenomatous hyperplasia of b cells within the focal lesion and is a clearly identifiable feature in cases of localized focal domains. 16, 22, 23 In CHI-D, the islet architecture takes the form of ductal-insular complexes (nesidioblastosis) and has been reported to be associated with the appearance of nuclear enlargement in some islet cells. 24, 25 However, nesidioblastosis is a normal developmental feature of the early postnatal pancreas, 25, 26 and the detection of islet cell nucleomegaly is subjective and has not always been reported as pathognomonic of CHI-D. 24, [27] [28] [29] With increased numbers of nontypical cases of CHI being encountered and reported in the literature, 18, 21, 23, [30] [31] [32] we have investigated islet cell nucleomegaly in the postnatal pancreas and quantified the incidence of nucleomegaly in cases of CHI-F, CHI-D, and CHI-A. Our data have been generated using a combination of high-content analysis of postoperative tissues and serial block-face scanning electron microscopy to quantify nuclear volume changes in CHI and to identify the source of cells displaying islet cell nucleomegaly.
Materials and Methods

Human Tissue
Tissue samples were obtained from 17 patients with CHI. At the time of surgery, nine patients had CHI-D (aged 2-34 months), five had CHI-F (aged 2-10 months), and three had CHI-A (aged 12-36 months) Table 1 . The diagnosis of CHI-F and CHI-D was made from established clinical, histopathologic, and 18 F-DOPA PET-CT scan criteria 7 and following the identification of mutations in either of the CHIcausing genes, ABCC8 or KCNJ11 (Table 1) . Three patients had late-onset presentation of persistent CHI and received a PET-CT diagnosis of diffuse pancreatic involvement. However, all three patients were genotype negative for known defects in the CHI-causing genes ABCC8, KCNJ11, HNF4A, HADH, GCK, and GLUD1. Following 95% pancreatectomy, examination of the resected pancreas revealed a heterogeneous pattern of pancreatic histopathology consistent with CHI-A. 21, 23, 33 Age-matched control tissues were obtained from eight individuals (aged 2 days, 7 weeks, 9 weeks, 4 months, 5 months, 6 months, 10 months, and 36 months) who died of nonpancreatic disease and showed All patients were treated for hypoglycemia and classified as having diffuse, focal, or atypical CHI based on clinical characteristics, including the age of presentation of symptoms ("Presentation"), genotyping, positron emission tomography-computed tomography diagnosis, or pancreatic histology following surgery. All patients underwent surgery to alleviate hyperinsulinism.
unremarkable pancreatic histology. 26 In all cases, pancreatectomy for CHI was performed at our center for alleviation of sustained hypoglycemia unresponsive to medical treatment. All pancreatic tissue for research was used in accordance with National Research Ethics Service (NRES) North West Committee approval, national codes of practice, and informed consent.
Immunohistochemistry and Nuclear Analysis
Immunohistochemistry was performed as described previously on 5-mm-thick sections of tissue. 26 All tissues were fixed in 4% paraformaldehyde within 5 minutes of retrieval and embedded in paraffin wax. For high-content assessment of nuclear size, each section was digitized by a Â20/0.80 Plan Apo objective using the 3D Histech Pannoramic 250 Flash II slide scanner (3DHISTECH, Budapest, Hungary). Pannoramic Viewer and HistoQuant software packages were then used to quantify nuclear areas (3DHISTECH). 26 For each tissue sample, we selected a minimum of 20 islets with clear boundaries and quantified the number of visible nucleomegalic cells as a fraction of the total cell count within the designated region.
Islets from nonlesion domains were not located within the margins of the focal lesions. Enlarged nuclei from the endocrine regions, which were identified as three times larger than the surrounding nuclei, were randomly selected, and the areas were calculated through the software using edge detection. Normal-sized nuclei from both endocrine and exocrine regions were measured in the same manner. This method of quantification was preferred to that of measuring the nuclear radius 24 since nuclei are not uniform, particularly those exhibiting nucleomegaly. For CHI-F tissue, the nuclear dimensions of endocrine cells within lesions were quantified from regions of interest involving a minimum of 500 cells. In addition to the analysis of enlarged nuclei on the surface of tissue sections, we also examined expression in entire islet structures. For this, fifty 5-lm serial sections of tissue were cut from CHI-D and control tissue blocks, which were then scanned, and the images were used to digitally reconstruct the tissue block for quantitative analysis (HistoQuant; 3DHISTECH). This was used to determine the total numbers of cells with enlarged nuclei within the entire islet structure. Cells undergoing proliferation were identified using Ki-67 immunohistochemically stained slides (monoclonal, 1:100; Novocastra, Milton Keynes, UK); apoptosis was investigated using cleaved caspase 3 fluorescence (polycolonal, 1:50; Cell Signaling, Leiden, Switzerland).
Transmission Electron Microscopy and Serial Block-Face Scanning Electron Microscopy
Tissue samples were fixed and processed using a highdensity staining method suitable for block-face imaging as previously described. 34 Briefly, samples were fixed in 4% For serial block scanning, 37 samples were trimmed and mounted onto an aluminum cryo specimen pin using superglue (cyanoacrylate; Permabond, Winchester, UK). Care was taken to orient the sample so that the imaging plane was perpendicular to the pin axis. The sample was then trimmed to form a trapezoid face approximately 500 Â 500 Â 150 mm. The face of the trapezoid was polished on an ultramicrotome before mounting on a Gatan3View (Gatan) within an FEI Quanta 250 FEG scanning electron microscope. The machine allows serial section transmission electron microscopy (TEM)-like images to be collected in an automated fashion. For the purpose of this study, the imaging settings were as follows: accelerating voltage, 3.8 kV; spot size, 3.5; final lens aperture, 30 mm; chamber pressure, 66 Pa; and quadrant magnification, Â3,500. This gave a horizontal field width of approximately 40 mm, with image dimensions 4,096 Â 4,096, a pixel dwell time of 10 ms, and cut thickness of 100 nm. Individual image intensities were floated to a common mean and SD to remove variation in beam intensity or detector sensitivity that can occur during long data acquisitions. 38 Some imaging noise was removed by a standard two-dimensional Gaussian smoothing using a 3 Â 3 kernel to aid manual segmentation. Raw data files were converted to an MRC file stack using IMOD Software (Boulder, CO; http://bio3d.colorado.edu/imod/), which was also used in three-dimensional reconstruction of nuclei.
38,39
Statistical Analysis
Data are presented as mean 6 standard error, and a oneway analysis of variance was used to determine whether there are any significant differences between the means of data sets.
Results
Quantification of Islet Cell Nucleomegaly
Islet cell nucleomegaly has a distinct cytomorphic appearance Image 1 and is typified by an increase in the area of the nucleus compared with the nuclei of cells in the surrounding area. 25 Here, we found that the mean area of enlarged nuclei in islet cells (100.1 6 3.8 lm
2
, n ¼ 105) was 4.3-fold larger than nuclei in control endocrine cells (n ¼ 173) and 5.3-fold larger than nuclei in exocrine cells (n ¼ 115) Figure 1 . Figure 1A summarizes the range of nuclear areas associated with enlargement, which can be 10-fold greater than control cells, leading to the appearance of giant nuclei (Image 1B). To quantify the nuclear volume of islet cells, we digitally reconstructed the nuclei of cells from TEM images of the tissue block following 100-nm serial sectioning. From this, the mean volume of nuclei of islet cells was estimated to be 162.08 6 7 lm 3 (n ¼ 30). This value is entirely consistent with data obtained from rodent islets using the same procedure. 40 Islet cells with nucleomegaly are rare (see below), but image stacks were obtained from which cells with enlarged nuclei were observed, and the mean nuclear volume was estimated to be 453.83 6 119 lm 3 (n ¼ 4)
( Figure 2 and supplementary data; all supplementary materials can be found at American Journal of Clinical Pathology online). Several other putative enlarged cells were identified but excluded from the analysis on the basis that they did not contain a fully resolved structure within the complete image stack. Islet cells with enlarged nuclei appear to have an endocrine phenotype since they stained positive for the neuroendocrine cell marker chromogranin (n ¼ 398/405 cells) Image 2A . However, the cells displaying nucleomegaly contained a limited number of secretory granules compared with control endocrine cells Image 2B .
Occurrence of Islet Cell Nucleomegaly
High-content analysis was performed to quantify the occurrence of islet cell nucleomegaly. These data have then been used to describe the incidence of nucleomegaly both within islets and as a fraction of the total endocrine cell population. Since CHI-F is not composed of islet structures, regions of interest of more than 500 cells were randomly selected within the focal lesion for analysis. Table 2 summarizes our findings. In neonatal control tissue, we found that 0.1% 6 0.01% of islet cells (n ¼ 26,847) had enlarged nuclei and that these could be detected in 22% of islets (n ¼ 117). However, only 2% of the islets had two or more cells with enlarged nuclei, and there were no islets with three or more cells with nucleomegaly ( Table 2) . In marked contrast, the occurrence of islet cell nucleomegaly was significantly higher in islet cells from patients with CHI-D (0.7% 6 0.1%, n ¼ 40,320; P < .001), and enlarged nuclei could be detected in islet structures far more readily. Thus, we found that approximately 70% of CHI-D islets had one or more enlarged cell nuclei and that almost 25% of CHI-D islets were associated with three or more nucleomegalic cells. While nucleomegaly could be detected in all forms of CHI, overall there were no significant differences in incidences between control, CHI-A, and CHI-F. Interestingly, in the lesion domains of CHI-F tissue, the incidence of nucleomegaly was eightfold lower than in CHI-D despite the fact that the genetic cause of uncontrolled insulin release is the same. Figure 3 summarizes the ranges of enlarged nuclei per islet in controls and the CHI patient groups. The data show that the appearance of multiple nucleomegaly per islet and specifically more than five enlarged nuclei is a defining feature of CHI-D. We found no relationship between islet cell nucleomegaly and the number of cells per islet ( Figure 3 ; r 2 ¼ -0.001, n ¼ 395). The appearance of multiple enlarged nuclei per islet was confirmed by serially sectioning pancreata from control and CHI-D tissues and quantifying the total number of nucleomegalic cells per islet rather than detecting the surface expression of enlarged nuclei in tissue sections. The CHI-D data in Figure 4 and Image 3 come from the same patient who underwent two surgeries at 13 Since we found no differences in the incidence of nucleomegalic cells in the CHI tissues following both procedures, these data imply that islet cell nuclear enlargement is not a developmental feature of the pancreas but a defining hallmark of islet pathobiology.
Islet Cell Nucleomegaly and Proliferation
Since nuclear enlargement might be as a consequence of chromatin decondensation in preparation for cell division, we next examined the correlation of Ki-67 staining (as a marker of proliferation) with nucleomegaly. In age--matched control islet cells (n ¼ 16/30) but not adult islets (0%, n ¼ 0/18), 53% of cells with nucleomegaly were proliferating. Surprisingly, in cases of CHI-D, enlarged The data were obtained from three patient samples with CHI. B, Transmission electron microscopy data and a digital reconstruction of control islet cell nuclei (C) and a cell exhibiting nucleomegaly (N), using serial block-face scanning electron microscopy. A total of 485 serial sections of tissue in 100-nm thicknesses were used to generate the data set. Scale bar is equivalent to 2 lm. Data obtained from patient CHI-11. 
Discussion
CHI is a diverse disease involving different genetic causes affecting proteins such as glutamate dehydrogenase, hepatic nuclear factors 4a and 1a, the inwardly rectifying potassium channel Kir6.2, monocarboxylic acid transporter 1, short-chain 3-OH acyl-CoA dehydrogenase, the sulfonylurea receptor 1, and uncoupling protein 2. The disease ranges in severity and duration of hypoglycemia and histopathologic origins. Over the past decade, advances in genetic and imaging procedures have contributed to major changes in the short-and long-term management of patients with CHI. This has been most striking for patients with CHI-F. Detection of paternally inherited mutations in K ATP channel genes and the use of imaging techniques have now raised the possibility for many patients that a subtotal pancreatectomy/lesionectomy can be used to excise the lesion and cure the disease. 4, 6, [41] [42] [43] [44] For patients with CHI-D and CHI-A unresponsive to medical therapy, surgical options are limited to a near-total or partial 
No. of Enlarged Nuclei
A B C D Figure 3 The incidence of nucleomegaly in islet cells. These panels summarize the range of enlarged nuclei observed in islet structures using tissue sections for each congenital hyperinsulinism in infancy (CHI) cohort and age-matched control tissue. The number of enlarged nuclei per islet surface area has been expressed relative to the number of cells within the islet. Only diffuse CHI (CHI-D) islets (B) had a high incidence of more than four enlarged nuclei per islet surface area. Indeed, some CHI-D islets were found to contain up to nine nucleomegalic cells in a single field of view.
pancreatectomy, respectively. 43, 44 While this can alleviate the problems of hypoglycemia in the short term, extensive surgery will also predispose patients to iatrogenic diabetes. Intraoperative diagnosis of the extent of pancreatic pathology is now routinely required to confirm initial investigations, and this can be challenging for the pathologist if the focal lesion has poorly defined margins, the patient has CHI-A, 18, 21, 23, [30] [31] [32] 42 or the child is very young when the normal developmental features of the pancreas are altered in CHI 26 and may mask pathologic hallmarks.
For more than 30 years, the presence of enlarged nuclei in islet cells has been pathognomonic for CHI, 23 although the frequency and extent of nucleomegaly in the different forms of CHI have not been investigated. In our study, nucleomegaly was detected not only in each of the different forms of CHI but also in age-matched control islets and the healthy regions of the pancreas of children with CHI-F. While the overall proportion of cells with nucleomegaly was small (0.1% of the total endocrine cell population), these cells were readily detectable in 22% of control islets.
The incidence of islet cell nucleomegaly was always higher in tissue from patients with CHI than from controls, with similar profiles of expression being found in islets from patients with CHI-A and CHI-F. This implies that islet cell nucleomegaly should be used cautiously to diagnose CHI-A or unusual cases of CHI as part of an intraoperative or routine histologic procedure. Our analysis strongly reaffirms the role of islet cell nucleomegaly as a hallmark of CHI-D when enlarged nuclei are detected in more than one-third of islets (we found 71% of CHI-D islets were affected) and when more than one enlarged cell nucleus is detected in no fewer than 10% of islets. In practice, we found that CHI-D islets were almost six times more likely to have more than one nucleomegalic cell and that CHI-D would often be associated with many more. While several groups have reported that nucleomegaly is not consistently seen in CHI-D cases, 24,27,29 our observations do not support this view. In our study, not only did we detect nucleomegaly in all cases of CHI-D, but we also found similar profiles of expression in each of the cases. We also found that the rate of detection was unaltered when the same patient underwent a second procedure more than 20 months after the first pancreatectomy. This has not been previously reported and indicates that there is a close relationship between nucleomegaly and the pathobiology of islet cells in CHI, particularly CHI-D. It seems unlikely that islet cell nuclear enlargement is caused by ABCC8 gene defects since the incidence of nucleomegaly is eightfold lower in focal compared with diffuse disease. Similarly, we found no difference in the incidence of nucleomegaly between ABCC8 and KCNJ11 as a genetic cause of CHI.
In a recent publication, we explored the type of islet cells associated with nucleomegaly in CHI. We described that these cells were often positive for the expression of insulin but not always and sometimes stained positive for somatostatin expression but not for glucagon, pancreatic polypeptide, or ghrelin. 26 The endocrine lineage of the nucleomegalic cells is confirmed here by demonstrating that they are consistently associated with the expression of the neuroendocrine marker chromogranin, but in addition, we found that these cells have significantly fewer secretory granules than controls. This was demonstrated by serial block-face scanning electron microscopy, which allowed us to image the entire ultrastructure of the cell rather than just a single field of view. The reason why these cells possess so few secretory granules is not clear, but it may reflect an immature phenotype and explain why some groups report that insulin cannot be detected in cells with nucleomegaly.
The presence of enlarged nuclei in CHI cells has been implicated in cell proliferation, and since enhanced proliferation of the endocrine pancreas is a feature of focal and diffuse CHI, 22, 26, 29, 45 we have closely examined the association of Ki-67 staining. In neonatal control tissues, approximately 50% of cells with an enlarged nucleus also stained positive for Ki-67 expression. This suggests a positive association with expansion of the islet cell mass in the first 12 months following birth and is supported by our observations that while nucleomegaly can be occasionally detected in adult islets, it is never associated with Ki-67 expression. In CHI-F endocrine cells, presumably because of the loss of the cell cycle repressor p57kip2, 17 67%
of cells were also positive for Ki-67 expression, but surprisingly, less than 10% of the nucleomegalic cells in islets from CHI-D tissue were positive for Ki-67 expression. While these data are consistent with our recent findings in CHI-D that not all nucleomegalic cells were positive for the cell cycle enhancers CDK6 and pRb, 26 the finding that 90% of the cells are not expressing a marker of proliferation is intriguing. In contrast to CHI-D islets, more than 65% of islets from the region of the pancreas outside the focal lesion have enlarged nuclei that are positive for Ki-67 expression. Since these islets are widely considered to be inactive or "resting" in CHI-F, 24, 30, 46 our data suggest that this is not the case, and their role in the pathobiology of CHI warrants further investigation. We also found that 44% of nucleomegaly cells in CHI-A were undergoing proliferation. The pathobiology of CHI-A is undetermined at this stage, but these data suggest that at least part of the disease profile is associated with increases in cell turnover. In summary, we support the role of islet cell nucleomegaly as a diagnostic hallmark of CHI-D, although the role of these cells in the disease process is still undetermined. Our data indicate that the detection of more than two enlarged nuclei in as few as 10% of islets is pathognomonic for CHI-D. Since islet cell nuclear enlargement is a normal feature of the control pancreas and is detected in the nonlesion domains of CHI-F tissue, this needs to be taken into consideration when nucleomegaly is used as a diagnostic marker during intraoperative diagnoses of other forms of CHI, including focal and atypical disease.
